The K1 gene of Kaposi's sarcoma-associated herpesvirus (KSHV) encodes a 46-kDa transmembrane glycoprotein that possesses transforming properties, initiates signaling pathways in B cells, and prevents apoptosis. Here, we demonstrate a mechanism for activation of the K1 promoter by the Rta transactivator. Electrophoretic mobility shift assay (EMSA) analysis of the K1 promoter demonstrated that purified Rta protein bound to the K1 promoter at three locations, independent of other DNA-binding factors. Transcriptional assays revealed that only two of these Rta DNAbinding sites are functionally significant, and that they could impart Rta responsiveness to a heterologous E4 TATA box promoter. In addition, TATA-binding protein (TBP) bound to a TATA box element located 25 bp upstream of the K1 transcription start site and was also shown to associate with Rta by coimmunoprecipitation analysis. Rta transactivation may therefore be mediated in part through recruitment of TBP to target promoters.
Introduction
Kaposi's sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8 (HHV8), has been linked to the development of Kaposi's sarcoma (KS) and is also associated with two B cell lymphomas-primary effusion lymphoma (PEL) and multicentric Castleman's disease (MCD) (Cesarman et al., 1995; Ganem, 1998; Moore and Chang, 1995; Soulier et al., 1995) . KSHV is closely related to rhesus monkey rhadinovirus (RRV), murine herpesvirus 68, and herpesvirus saimiri (HVS) and based on sequence homology has been classified as a gamma 2 herpesvirus or rhadinovirus (Albrecht et al., 1992; Alexander et al., 2000; Virgin et al., 1997) .
The first open reading frame of KSHV, OrfK1, encodes a 46-kDa transmembrane glycoprotein (Lee et al., 1998b) . K1 is located at the far left end of the KSHV genome, a position occupied by the saimiri transformation-associated protein (STP) in the HVS genome and R1 in the RRV genome (Damania et al., 1999; Murthy et al., 1989) . Although K1 and R1 occupy positions equivalent to HVS STP, they possess no obvious sequence similarity with STP (Damania et al., 1999; Lee et al., 1998b; Murthy et al., 1989) . HVS STP is necessary for the immortalization of primary T lymphocytes and the development of lymphomas in marmosets (Duboise et al., 1998) . Like its positional homolog, K1 has also been shown to immortalize marmoset lymphocytes to IL-2-independent proliferation when substituted for STP in the context of HVS. K1 induces foci formation and morphological changes in Rat-1 fibroblasts (Lee et al., 1998b) . Finally, transgenic animals expressing K1 develop spindle-cell sarcomatoid tumors and malignant plasmablastic lymphomas (Prakash et al., 2002) . K1 is expressed in KS lesions, primary effusion Virology 348 (2006) 309 -327 www.elsevier.com/locate/yviro lymphoma cell lines, and multicentric Castleman's disease tissues (Bowser et al., 2002; Lagunoff and Ganem, 1997; Lee et al., 2003; Samaniego et al., 2001) . We have previously demonstrated that the K1 promoter is activated by expression of Rta in B cells, endothelial and epithelial cells (Bowser et al., 2002) . The K1 protein contains an immunoreceptor tyrosinebased activation motif (ITAM) in its cytoplasmic tail (Lee et al., 1998a) . Expression of K1 protein in B cells leads to the phosphorylation of signaling proteins, mobilization of intracellular calcium, and ultimately the activation of transcription factors such as NFAT and AP-1 (Lee et al., 2002; Samaniego et al., 2001) . Signaling through the ITAM has also been shown to activate the Akt signaling pathway and to inhibit apoptosis induced by FKHR proteins and Fas signaling (Tomlinson and Damania, 2004) . Samaniego et al. demonstrated that K1 expression leads to the activation of NF-κB-dependent promoters (Samaniego et al., 2001 ). Similar to other gammaherpesviruses, KSHV establishes a latent infection in the majority of infected cells. During latency, only a small subset of genes is expressed to prevent cell death and maintain the viral genome in a circular, episomal state. However, in a small subset of cells within KS lesions and in cultured PEL cells, the virus is reactivated and expresses lytic genes that ultimately lead to the production of progeny virions (Renne et al., 1996; Staskus et al., 1997 Staskus et al., , 1999 Zhong et al., 1996) . This limited lytic reactivation is apparently vital to the maintenance of KS lesions since treatment with ganciclovir was shown to reduce the risk of KS development (Martin et al., 1999) .
The switch from latent to lytic KSHV infection is initiated by the product of open reading frame 50 (Orf50), also known as replication and transcription activator (Rta), ART, or Lyta (Gradoville et al., 2000; Lukac et al., 1998 Lukac et al., , 1999 Sun et al., 1998) . Rta possesses an amino-terminal DNA-binding domain, a dimerization domain, a serine threonine-rich tract, two nuclear localization signals (NLS), and a carboxy-terminal activation domain. This protein architecture is reminiscent of other transcription factors. KSHV Rta is functionally homologous to the BRLF1 gene product encoded by Epstein-Barr virus (EBV) and the Orf50 proteins encoded by rhesus rhadinovirus (RRV), murine gammaherpesvirus 68 (MHV68), and herpesvirus saimiri (HVS) Liu et al., 2000; Sun et al., 1998; Wu et al., 2000) . A comparison of KSHV, RRV, and MHV68 Rta proteins demonstrated that all three proteins are capable of activating transcription from several KSHV promoters, indicating that the Rta proteins are closely related . Additionally, HVS Orf50 has also been shown to reactivate the HVS lytic cycle and to function as a transcriptional activator of delayed early promoters (Goodwin et al., 2001; Walters et al., 2004; Whitehouse et al., 1997) . For KSHV, the Rta protein alone is both necessary and sufficient to induce lytic reactivation (Gradoville et al., 2000; Sun et al., 1998) . KSHV Rta transcripts are detected within 1 h after TPA treatment (Lukac et al., 1999) . Expression of Rta leads to the activation of downstream lytic genes and ultimately the production of progeny virions (Gradoville et al., 2000; Lukac et al., 1999; Renne et al., 1996) . However, expression of a dominant negative Rta mutant that lacks the carboxy terminal activation domain prevents spontaneous reactivation and induction by chemical inducers (Lukac et al., 1999) . The various functions of the KSHV Rta protein have been well reviewed by West and Wood (2003) .
Rta has been shown to transactivate the promoters of a number of lytic genes including K8 (K-bZIP), Orf57 (Mta), polyadenylated nuclear (PAN) RNA (nut-1), Kaposin (K12), K1, , K5, K9, Orf59, thymidine kinase (TK), vGPCR, K14, Orf6, Orf9, and Orf50 (Bowser et al., 2002; Chen et al., 2000; Deng et al., 2002a Deng et al., , 2002b Haque et al., 2000; Jeong et al., 2001; Liang et al., 2002; Lukac et al., 1998 Lukac et al., , 1999 Sakakibara et al., 2001; Song et al., 2001; Wang et al., 2001a; Zhang et al., 1998) . This transactivation occurs through direct binding to Rta response elements (RRE) or through an association with other factors such as Oct-1, Sp1, RBP-Jκ (CSL), MGC2663, cAMP response element binding protein (CREB)-binding protein (CBP), c-Jun, and CCAAT/enhancer-binding protein-alpha (C/ EBPα) (Gwack et al., 2001; Liang and Ganem, 2004; Liang et al., 2002; Sakakibara et al., 2001; Wang et al., 2001a Wang et al., , 2001b Wang et al., , 2003a Wang et al., , 2003b Zhang et al., 1998) .
For many of these promoters, transactivation occurs through direct binding to RREs in the promoter. Rta binds directly to the promoters of PAN, Kaposin, K8, Orf57, and vIL-6 Deng et al., 2002b; Duan et al., 2001; Lukac et al., 1998 Lukac et al., , 1999 Song et al., 2002a Song et al., , 2002b . Early analysis of Rta transactivation demonstrated that Rta bound to very similar response elements within the K8 and Orf57 promoters ). The Rta-binding sites within the PAN and Kaposin promoters are also very similar to each other , however, the K8, Orf57, and vIL-6-binding sites lack significant similarity to the PAN and Kaposin Rta-binding sites Deng et al., 2002b; Duan et al., 2001; Lukac et al., 1998 Lukac et al., , 1999 Song et al., 2002a Song et al., , 2002b . In an attempt to explain the apparent diversity associated with Rta binding, Liao et al. recently identified a pattern of A/T triplets that confer Rta responsiveness (Liao et al., 2003) . A/T motifs separated by 7 or 17-bp GC-rich spacers were found in the K8, Orf57, PAN, and Kaposin promoters and may be responsible for mediating Rta binding to these promoters. However, the core Rta-binding site in the vIL-6 promoter does not appear to share this pattern (Deng et al., 2002b) .
We have previously demonstrated that the K1 promoter is activated by expression of Rta in B cells, endothelial and epithelial cells (Bowser et al., 2002) . The mechanism for this activation, however, was unknown. Here, we found that the activation of the K1 promoter by Rta occurs through direct DNA binding to three binding sites within the K1 promoter, independent of other DNA-binding proteins. Of these three sites, only two appear to be functionally significant, and either functional binding site is sufficient to provide Rta responsiveness to a heterologous promoter. Furthermore, two of the Rtabinding sites in the K1 promoter conform to the A/T nucleotide pattern described by Liao et al. (2003) , but the third site represents a new Rta-binding sequence. We also demonstrate an association of TBP with a TATA box located 25 bp upstream of the K1 transcription start site. Coimmunoprecipitation analysis revealed an association of Rta with TBP, suggesting that Rta may function in part to recruit TBP to the TATA box. Overall, our data suggest that Rta binds to the K1 promoter independent of other factors and may recruit TBP to promote K1 transcription.
Results

Identification of RTA responsive elements (RREs) in the K1 promoter
Our previous data demonstrated that the first 125 bp upstream of the K1 transcription start site are capable of functioning as a fully active promoter element (Bowser et al., 2002) . To identify the sequences within this construct that contribute directly to K1 promoter activity, we constructed a panel of linker scanning mutants that contains sequential, 10-bp substitutions of the 125-bp K1 promoter element and 5′ untranslated region in the context of the pGL2-Basic luciferase vector (Promega). Overlapping BamHI and NcoI restriction enzyme sites were substituted for the wild-type promoter sequence as shown in Fig. 1A . The integrity of the promoter mutants was confirmed by restriction digest (Fig. 1B) and sequencing. Each of the linker scanning mutant plasmids was cotransfected into KSHV-positive BCBL-1 B cells, KSHVnegative DG75 B cells, or HEK 293 cells with either a pcDNA3-Rta expression vector or empty pcDNA3 plasmid, and a β-galactosidase expression plasmid to control for transfection efficiency.
Although Rta could transactivate the wild-type −125K1p promoter 13.5-fold in BCBL-1 cells, several of the K1 promoter linker scanning mutants demonstrated a reduced responsiveness to Rta when compared to −125K1p. Linkers P8 (1.7-fold), P9 (3.0-fold), and P18 (2.4-fold) each displayed at least a 75% reduction in Rta responsiveness (shown by the dashed line) while linker P11 (5.1-fold) displayed more than a 50% reduction in Rta responsiveness ( Fig. 2A) . Luciferase reporter assays were also performed in DG75 B cells to corroborate the BCBL-1 data in an uninfected B cell line. In the context of DG75 B cells, the wild-type −125K1p was activated 17-fold. However, linker P11 (4.9-fold), linker P18 (7.3-fold), and linker P20 (7.0-fold) each demonstrated at least a 50% reduction in responsiveness to Rta compared with the wild-type K1 promoter (Fig. 2B ). Rta responsiveness in uninfected HEK 293 cells closely resembled Rta responsiveness in DG75 cells ( Supplementary Fig. 1 ). We hypothesized that since linkers P11 and P18 are less responsive to Rta in each cell line, they represent the most likely locations for Rta response elements.
The mutation introduced into K1 promoter linker scanning mutant P11 resulted in a decreased responsiveness to Rta, however, this mutation may have also affected the putative K1 TATA box which is located in the same region. An additional K1 promoter mutant was therefore generated in which mutations were introduced into sites predicted to disrupt the TATA box, while having a minimal effect on the responsiveness to Rta (TACTAATTTT to TGCGCATTTT). This mutant was transfected into BCBL-1 cells along with either a Rta expression vector or empty pcDNA3 vector, and promoter activity was assessed by luciferase assays. The activity of the K1 TATA mutant in the presence or absence of Rta was compared with the wild-type K1 promoter sequence. The K1 TATA mutation completely abolished basal promoter activity but retained 8.4-fold responsiveness to Rta (Fig. 2C) . This is in contrast to the wild-type promoter element which possesses minimal basal activity in addition to being responsive to Rta. Collectively, these reporter assays demonstrate a partial uncoupling of the Rta response element and TATA box in the K1 promoter.
Rta binds the K1 promoter in an electrophoretic mobility shift assay (EMSA)
Our analysis indicates that Rta can activate the −125K1p promoter fragment. This activation may be mediated by a direct or indirect mechanism. Direct transactivation of the K1 promoter may occur through direct binding of Rta protein to response elements within the K1 promoter. Indirect mechanisms of K1 promoter activation include Rta binding to the K1 promoter by tethering to other bound transcription factors. Alternatively, it is possible that Rta expression activates other cellular or viral transcription factors, which in turn activate the K1 promoter. To determine whether Rta activates the K1 promoter through direct contact with Rta response elements, an electrophoretic mobility shift assay (EMSA) was performed with the entire 125-bp K1 promoter element. The Rta DNAbinding domain (amino acids 1-320) was expressed in BL21 (DE3)pLysS Escherichia coli (Stratagene) and purified by Ni-NTA agarose purification as described previously . This Rdbd protein was also tagged with a Flag epitope . Bacterially expressed Rta has previously been shown to bind Rta response elements in viral promoters by several laboratories (Liao et al., 2003; Lukac et al., 2001; Song et al., 2001 Song et al., , 2002b .
Rta has previously been shown to bind to a response element within the PAN promoter (Song et al., 2001 ). This response element was labeled and used in EMSA analysis to control for Rta binding. In Fig. 3A , the addition of purified Rdbd in lane 3 results in the formation of a shifted complex confirming the association of Rta with the PAN probe under these conditions. The mobility of this complex is further retarded by the addition of a monoclonal anti-FLAG antibody (lane 4), confirming that Rta is present in the shifted complex in lane 3. Together, these data indicate that the proper conditions were used to observe Rta binding. Fig. 3B shows the results of EMSA analysis of the 125-bp K1 promoter element with purified Rdbd. Lanes 1 and 2 represent probe alone and extract from untransformed BL21 cells, respectively. The addition of purified Rdbd in lane 3 results in the appearance of a complex with retarded mobility, suggesting that Rta can directly bind to the 125-bp K1 promoter fragment. To confirm that Rdbd is responsible for this shifted complex, monoclonal anti-FLAG antibody (Sigma) was included in the binding reaction in lane 4. Anti-FLAG antibody further retarded the mobility of the shifted species present in lane 3, demonstrating that Rdbd is present in the shifted complex. These results indicate that purified Rdbd binds directly to the K1 promoter, independent of other DNA-binding proteins.
Identification of Rta-binding sites within the K1 promoter element
To identify the Rta-binding site(s) within the K1 promoter element, a panel of 30-bp K1 promoter probes was generated for use in additional EMSA experiments. Fig. 4 shows the alignment of these 30-mer probes with respect to the entire K1 promoter element. Probes A to D sequentially span the entire 125-bp K1 promoter element, while probes E to G overlap probes A/B, B/C, and C/D, respectively. Linker scanning mutant analysis indicated that the 5′ untranslated region sequence mutated in linker P18 is also important for Rta responsiveness ( Figs. 2A and B) . Therefore, probe H was designed to test a 30-bp fragment of the 5′ untranslated region immediately upstream of the translation start site.
EMSA analysis of the 30-bp probes was performed as before, but additional controls were added to further confirm the specificity of shifted and supershifted complexes. As a negative control, extracts were prepared from BL21 cells that were left Linker scanning mutants P1 through P10 were digested with NcoI and XhoI, while mutants P11 through P20 were digested with SacI and NcoI to confirm mutagenesis. Digests were separated on a 1% agarose gel. Mutagenesis was also confirmed by plasmid sequencing (data not shown).
untransformed but were subjected to the same IPTG induction and Ni-NTA purification as Rdbd-transformed cells. These negative control samples were used to demonstrate any background, nonspecific (NS) bands that may be carried through the Ni-NTA purification. In addition, competition experiments were performed in which an excess of unlabeled PAN Rta response element was added to the purified Rdbd protein prior to the addition of probe. The PAN Rta response element has previously been shown to bind very strongly to purified Rdbd .
EMSA analysis of each 30-mer K1 promoter probe demonstrated the presence of one or more nonspecific (NS) . Each K1 promoter linker scanning mutant was cotransfected with a β-galactosidase expression vector to normalize for transfection efficiency, and either a pcDNA3-Rta expression vector or empty pcDNA3 plasmid. The activation of the promoter by Rta is represented as fold activation over pcDNA3-transfected controls. The dashed lines in panels A and B indicate a 75% reduction in responsiveness to Rta compared with the wild-type −125K1p plasmid. (C) Uncoupling of Rta transactivation and TATA box activity. A K1 promoter luciferase plasmid with a mutated TATA box (…TACTAATTTT… to …TGCGCATTTT…) was cotransfected with a β-galactosidase expression vector to normalize for transfection efficiency, and either a pcDNA3-Rta expression vector or empty pcDNA3 plasmid. The activity of the mutant K1 promoter was compared with the activity of wild-type pGL2-Basic/-125K1p or empty pGL2-Basic. Promoter activity is represented as fold activation over empty pGL2-Basic luciferase vector. background bands, contributed by the BL21 cells (Fig. 5 ). These background bands were present in extracts from both BL21 negative control extracts and purified Rdbd extracts. Monoclonal anti-FLAG antibody was unable to supershift these background bands regardless of which probe was being tested, indicating that these background bands are not the result of Rta binding and that the anti-FLAG antibody does not recognize and supershift these background bands.
Rdbd failed to bind to probes A, B, C, D, and F as shown in lane 4 of Figs. 5A, B, C, D, and F, respectively. However, probes E, G, and H each demonstrated specific shifts in the presence of Rdbd (Lane 4, Figs. 5E, G, H). These shifts were supershifted with the addition of anti-FLAG antibody, indicating that Rta is responsible for this shifted complex (Lane 5, Figs. 5E, G, H). Furthermore, incubation with an excess of unlabeled PAN RRE efficiently competes for Rdbd, thereby significantly reducing Rdbd-specific shifts and supershifts (lane 6, Figs. 5E, G, H), demonstrating that purified Rdbd specifically binds to probes E, G, and H in the K1 promoter.
Functional contribution of the three Rta-binding sites in the K1 promoter
EMSA analysis demonstrated the existence of three Rtabinding sites, two within the K1 promoter (E, G) and one within the 5′ untranslated region (H). Interestingly, two of these binding sites, G and H, correlate with the reduced Rta responsiveness associated with linkers P11 and P18 ( Fig. 2A) . Mutation of either of these elements reduced but did not completely eliminate Rta responsiveness ( Fig. 2A) . EMSA probe E corresponds to the region mutated in linker P4, which did not have a significant effect on Rta responsiveness in reporter assays. To completely eliminate the responsiveness to Rta, it may be necessary to mutate two, or perhaps all three Rtabinding sites within the K1 promoter. Double and triple mutations were therefore made to the three K1 Rta-binding sites to analyze their combined contribution to promoter activation. Fig. 6A diagrams these mutant plasmids. As before, these mutations were made in the context of the pGL2-Basic luciferase vector. The single, double or triple K1 promoter mutants were transfected into three different cell lines: KSHVpositive BCBL-1 B cells, KSHV-negative DG75 B cells, and KSHV-negative CV-1 fibroblasts. The promoter mutants were transfected with either a pcDNA3-Rta expression vector or a pcDNA3 plasmid, as well as a β-galactosidase expression plasmid to control for transfection efficiency. As before, mutation of linker P4 had little to no effect on the responsiveness of the K1 promoter to Rta in each cell line tested (Figs. 6B, C, and D) . Single mutations of linker P11 and P18 resulted in decreased activation by Rta. In the context of BCBL-1 cells, linker P11 displayed a 5.4-fold activation, while linker P18 was slightly lower with 1.7-fold activation (Fig. 6B) . In DG75 B cells, activation of linkers P11 (4.8-fold) and P18 (3.3-fold) was also reduced, but not totally eliminated (Fig. 6C) . Finally, in CV-1 cells, linker P11 displayed a 2.6-fold activation by Rta, while linker P18 displayed a 5.2-fold activation by Rta (Fig. 6D) .
In each cell line, the P4,P11 and P4,P18 double mutants both had an intermediate response to Rta (Figs. 6B, C, and D) . The P11,P18 double mutant and P4,P11,P18 triple mutant, however, both displayed little to no responsiveness to Rta in each cell line (Figs. 6B, C, and D) . In summary, these data suggest that linker P4 does not significantly contribute to Rta responsiveness. However, when both P11 and P18 are mutated, the K1 promoter is no longer responsive to Rta, indicating that there are two functionally significant Rta response elements in the K1 promoter.
The EMSA analysis presented in Fig. 5 made use of 30-bp probes, while each K1 promoter luciferase plasmid was designed with one or more 10-bp substitutions (Figs. 2A, 6A) . In order to directly compare reporter assay data with EMSA data, a panel of 30-bp K1 promoter deletion mutants was generated for use in luciferase assays. These deletion mutants are diagrammed in Fig. 6E and are designed to separately remove each Rta-binding site identified by EMSA analysis in Fig. 5 . In addition, both the G and H Rta-binding sites were removed in the K1p G, H deletion mutant similar to the double substitution mutant P11, P18. These deletion mutants were transfected into BCBL-1 cells with either a pcDNA3-Rta expression vector or pcDNA3 vector, as well as a β-galactosidase expression plasmid to control for transfection efficiency and Rta responsiveness was assessed by luciferase assays. The wild-type −125K1p plasmid was included for comparison.
Deletion of the K1p E Rta-binding site did not affect Rta responsiveness (Fig. 6F) , similar to the P4 10-bp substitution mutant used in Figs. 6B, C, and D. Deletion of either the K1p G Rta-binding site or the K1p H Rta-binding site alone reduced the level of Rta responsiveness, while a double deletion mutant that lacks both the K1p G and K1p H Rta-binding sites possessed no Rta responsiveness (Fig. 6F) . These data agree with the 10-bp substitution mutant luciferase data and indicate that the G and H Rta-binding sites each contribute to Rta responsiveness. A complete loss of Rta responsiveness occurred only when both the G and H Rta-binding sites were removed. Furthermore, the fold activation for each of the K1 promoter deletion mutants is nearly identical to the fold activation for each 10-bp substitution (Figs. 6B, F) . Therefore, these data confirm that the reduced Rta responsiveness observed with the 10-bp substitution mutants P11 and P18 correlates with deletion of the corresponding Rta-binding sites identified by EMSA analysis.
Rta-binding sites G and H impart Rta responsiveness to a heterologous promoter
Each Rta-binding site in the K1 promoter, as identified by EMSA, was cloned upstream of an E4 TATA box in the pE4T/ Luc plasmid (Song et al., 2003) to further assess the functional role of these Rta-binding sites. These constructs were named pE4T-K1 E , pE4T-K1 G , and pE4T-K1 H . The full-length, wildtype K1 promoter (−125K1p) was also cloned into the pE4T-Luc vector to demonstrate Rta responsiveness of the fulllength K1 promoter in this vector backbone. The pE4T-Luc vector possesses an E4 TATA box cloned upstream of the luciferase gene and has been used previously to study the responsiveness of other Rta response elements to Rta in the context of a heterologous promoter (Song et al., 2003) . Each luciferase plasmid was transfected into HEK 293 cells with either a pcDNA3-Rta expression vector or empty pcDNA3 plasmid along with a β-galactosidase expression vector to control for transfection efficiency. The results of this analysis are represented as a fold activation over empty pcDNA3 control vector. In the context of the pE4T-Luc vector, the fulllength K1 promoter element was activated approximately 6-fold by the expression of Rta (Fig. 7B) . The E-binding site plasmid (pE4T-K1 E ) was unresponsive to Rta expression. However, the G-and H-binding sites were activated approximately 3-fold by Rta (Fig. 7B ). These data indicated that the G and H Rta-binding sites were capable of imparting Rta responsiveness to the heterologous E4 TATA box promoter, and the sum of their activation was equivalent to that of the full-length −125K1p.
Identification of a functional TATA box within the K1 promoter
To confirm that a sequence identified as a putative TATA box in the K1 promoter can function as a TATA box, the putative K1 TATA box was substituted for the SV40 TATA box within the context of the pGL2-Promoter vector as shown in Fig. 7C . The pGL2-Promoter/K1 TATA box plasmid was transfected into DG75 cells, and its activity was determined by luciferase assays as before (Fig. 7D) . The activity of the K1 TATA box vector was compared with the promoter-less pGL2-Basic vector and pGL2-Promoter/SV40 TATA. The activity of these plasmids is represented as fold activation over empty pGL2-Basic vector. The pGL2-Promoter/SV40 TATA vector possessed 45.9-fold activity over pGL2-Basic, while pGL2-Promoter/K1 TATA possessed 15.9-fold activity over pGL2-Basic. Although the basal activity of pGL2-Promoter/K1 TATA is less than pGL2-Promoter/SV40 TATA, these data indicate that the sequence identified as a K1 TATA box can be placed in a heterologous promoter context and can effectively function as a TATA box.
TATA box-binding protein (TBP) binds to the K1 TATA box Electrophoretic mobility shift assays were performed to determine whether the TATA box-binding protein (TBP) could bind to the K1 TATA, TAATTTT. As a positive control for TBP binding, oligonucleotides containing a consensus TATA box (TATAAAA) were included in the EMSA analysis. Incubation of the consensus TATA box probe with purified TBP (Santa Cruz Biotech) resulted in the formation of a complex with reduced mobility (Fig. 8A, lane 2) . Incubation with a monoclonal antibody to TBP (Covance, clone ITBP18) resulted in a much weaker shifted band, but no obvious supershifted band (Fig. 8A, lane 3) . This may indicate that the binding of the anti-TBP antibody to TBP prevents its association with the probe. Alternatively, this may reflect the formation of a TBP-DNA-antibody complex that is too large to enter the gel. Regardless, these data confirm the presence of TBP in the shifted complex. For further confirmation, an excess of unlabeled consensus TATA box oligonucleotides were incubated with the consensus TATA box probe and TBP and efficiently competed for binding to TBP (Fig. 8A, lane 4) .
Similar to the positive control, incubation of the K1 TATA box probe with purified TBP resulted in the appearance of a band with reduced mobility (Fig. 8B, lane 2) . Incubation with a monoclonal antibody to TBP (Covance, clone ITBP18) again weakened the shifted band but did not form a supershifted complex (Fig. 8B, lane 3) . Finally, incubation of the K1 TATA box probe with TBP and an excess of unlabeled consensus TATA box oligonucleotides inhibited the formation of a shifted band (Fig. 8B, lane 4) . These data indicate that TBP binds to the K1 TATA box.
Additional competition experiments were included to confirm the specificity of TBP binding. In Fig. 8C , unlabeled consensus TATA box oligonucleotides (lane 4) or unlabeled K1 TATA box oligonucleotides (lane 5) effectively competed with a consensus TATA box probe for binding to TBP, while unlabeled, mutated K1 TATA box oligonucleotides (lane 6) did not compete for binding to TBP. In Fig. 8D , the reciprocal experiment was performed; unlabeled consensus TATA box oligonucleotides (lane 3) or unlabeled K1 TATA box oligonucleotides (lane 4) competed with a K1 TATA box probe for binding to TBP, while the mutated K1 TATA box oligonucleotides (lane 5) did not compete for binding. Finally, a mutated K1 TATA box probe was unable to bind to TBP (Fig. 8E) . These data confirm the specificity of TBP binding.
Coimmunoprecipitation of KSHV Rta with TBP
To determine whether KSHV Rta also interacts with TBP, coimmunoprecipitation experiments were performed. TREx BCBL-Rta cells were treated with 1 μg of doxycycline/ml for 36 h at 37°C to induce expression of Rta. Fig. 9A , lanes 1 and 2 represent immunoprecipitations performed with lysates prepared from uninduced TREx-Rta BCBL-1 cells, while lanes 3 and 4 were performed with lysates prepared from doxycycline-induced TREx-Rta BCBL-1 cells. In the absence of an immunoprecipitating antibody, no TBP was detected (lanes 1 and 3) . However, immunoprecipitations performed with a polyclonal anti-RTA antibody efficiently coimmunoprecipitated TBP (lane 4) indicating an interaction of endogenous Rta with TBP. A low level of spontaneous reactivation in these cells also showed that Rta interacted with TBP in uninduced cells (lane 2). Input lysate was included in lane 5 to demonstrate input TBP.
A reciprocal coimmunoprecipitation was performed (Fig. 9,  panel B) . TREx-RTA BCBL-1 cells or TREx BCBL-1 cells were treated with 1 μg of doxycycline/ml for 36 h at 37°C then harvested for coimmunoprecipitation analysis. Lanes 1, 2, and 3 represent lysates from the negative control TREx BCBL-1 cell line, while lanes 4, 5, and 6 represent lysates from the inducible TREx-Rta BCBL-1 cell line. Immunoprecipitation with a monoclonal anti-TBP antibody in lane 5 brought down Rta in the inducible cell line, while no Rta was coimmunoprecipitated in the negative control cell line (lane 2). As additional negative controls, lysates were incubated in the absence of anti-TBP (lanes 1 and 4) or in the presence of an irrelevant antibody to HHV8 minor capsid protein (mCP) (lanes 3 and 6). These data demonstrate that KSHV Rta associates with endogenous TBP.
To demonstrate that we had induced Rta expression in the TREx-Rta BCBL-1 cells, Western blots were performed on input cell lysates, and the results of this analysis are shown in Fig. 9 , panel C. In lanes 1, 2, and 3, no Rta is induced in the negative control TREx BCBL-1 cell line, as expected. Lanes 4, 5, and 6, however, demonstrate inducible expression of Rta in the TREx-Rta BCBL-1 cell line.
The PAN RRE competes for binding to a K1 RRE
To demonstrate the specificity of Rta for Rta response elements in the K1 promoter, unlabeled, nonspecific oligonucleotides were included in a binding reaction with Rdbd and the PAN probe (Fig. 10A ). This nonspecific sequence was unable to compete for binding to Rdbd (lane 4), while unlabeled PAN Rta response element oligonucleotides specifically competed for Rdbd binding (lane 3). These data indicate that Rta binding in these EMSA analyses is not due to nonspecific binding. In addition, we compared the binding affinities of the K1 Rtabinding sites with the PAN RRE (Fig. 10B) . The PAN RRE was labeled and used as a probe. Rdbd binding to the PAN RRE was effectively competed with 400 pmol of unlabeled PAN Rta response element oligonucleotides (lane 3). Unlabeled K1 Rtabinding site oligonucleotides were titrated from 400 to 800 pmol to compete with the PAN RRE probe for Rdbd binding (Fig. 10B) . Each K1 Rta-binding site effectively competed for Rdbd, albeit less efficiently than unlabeled PAN RRE oligonucleotides.
Discussion
Several functions have been described for the K1 protein of Kaposi's sarcoma-associated herpesvirus. K1 inhibits apoptosis and initiates signaling pathways that ultimately activate cellular transcription factors (Lagunoff et al., 1999 (Lagunoff et al., , 2001 Lee et al., 1998a Lee et al., , 1998b Samaniego et al., 2001; Tomlinson and Damania, 2004) . K1 also has been shown to possess transforming properties and to promote the formation of spindle-cell sarcomatoid tumors and malignant plasmablastic lymphomas in K1 transgenic mice (Lee et al., 1998b; Prakash et al., 2002) . However, little is known about how K1 transcription is regulated. In our initial characterization of the K1 promoter, we demonstrated that a fully functional promoter element is contained within the first 125 bp upstream of the K1 transcription start site, and that the KSHV immediate-early transcription factor, Rta, activated the K1 promoter above basal levels (Bowser et al., 2002) . Here, we explored the mechanism of Rta activation using a panel of linker scanning promoter mutants, reporter assays, coimmunoprecipitations, and electrophoretic mobility shift assays (EMSA).
Linker scanning mutations of promoters have proven to be a useful tool to analyze functional promoter sequences for viral and cellular promoters (Ahn et al., 1992; Hebbar and Archer, 2003; Zeichner et al., 1991) . Rta expression activated most of the linker scanning mutants of the K1 promoter to near wildtype levels. However, linkers P8, P9, and P18 demonstrated a greater than 75% reduction in Rta responsiveness in the context of BCBL-1 cells, while linker P11 approached a 75% reduction in responsiveness. Linkers P11 and P18 demonstrated nearly a 75% reduction in Rta responsiveness in the context of DG75 cells. These data suggest that the sequences mutated in linkers P11 and P18 may function as Rta response elements since they showed weakened activity in both cell lines. Interestingly, linkers P8 and P9 demonstrated reduced responsiveness to Rta in the context of BCBL-1 cells but not in the context of DG75 cells. These data raise the possibility that viral-specific factors present in BCBL-1 cells may also contribute to Rta responsiveness.
Reporter analysis of linker P10 only in the context of DG75 B cells resulted in greater activity than the wild-type sequence (Fig. 2B) . This increased responsiveness to Rta may reflect the loss of a repressor binding site. Alternatively, these data may reflect the inadvertent introduction of a transcription factor binding site into the K1 promoter element. Although the choice of linker sequence was made to minimize the potential of introducing transcription factor binding sites, when placed in the context of the surrounding K1 promoter sequence, the linker could introduce such sites.
EMSA analysis with a 125-bp fragment of the K1 promoter, which spans much of the functional promoter element, but lacks the 5′ untranslated region indicated that Rta binds directly to the K1 promoter (Fig. 3) . EMSA analysis with smaller 30-mer probes that spanned the K1 promoter demonstrated that Rta binds to three sites (E, G, and H) within the K1 promoter element (Figs. 5E, G, and H) . Two of these binding sites, E and G, contain sequences similar to the pattern of A/T triplets that have been proposed to function as Rta-binding sites (Liao et al., 2003) . Probe E contains the sequence TTTCGGGCCCTTT which agrees with the A/T 3 N 7 A/T 3 pattern suggested by Liao et al., while probe G contains the sequence TTTTCGGCCGG-CCCCTACTAATT which agrees with the A/T 3 N 17 A/T 3 pattern (Liao et al., 2003) . Interestingly, it has recently been reported that HVS Orf50 contains a DNA-binding domain that has homology to an AT hook DNA-binding motif (Walters et al., 2004) . This AT hook motif, present in mammalian high mobility group (HMG)I proteins, has previously been shown to be capable of binding to the minor groove of stretches of AT base pairs (Reeves and Nissen, 1990) .
In contrast to probes E and G, probe H does not conform to the A/T triplet pattern and is a unique binding sequence. Rta binding to the vIL-6 core promoter has similarly been shown to occur independent of either A/T triplet pattern (Deng et al., 2002b) . Overall, our data demonstrate that two of the three Rtabinding sites identified within the K1 promoter conform to the A/T triplet model for Rta binding. Furthermore, the Rta-binding site identified by probe H represents a unique Rta-binding site that does not conform to the A/T triplet pattern, suggesting the existence of other sequence recognition motifs for this potent viral transactivator.
The identification of three Rta-binding sites suggested that K1 transcriptional activation by Rta could occur via multiple Rta response elements. According to this model, mutation of one Rta response element would reduce, but not totally eliminate Rta responsiveness. This would explain why none of the K1 promoter linker scanning mutants exhibited a total loss of Rta responsiveness. To completely abolish Rta responsiveness, a panel of double and triple mutants was constructed. Reporter assays using these mutants confirmed our hypothesis and identified two functional Rta response elements in the K1 promoter. Rta was unable to activate a double mutant in which the linker P11 and P18 sequences were both mutated (Figs. 6B, C, and D) .
Multiple Rta response elements have been discovered within the promoters of other KSHV genes. Rta binds directly to a response element within the PAN promoter located between base pairs −69 and −38, and via an association with RBP-Jk at an RBP-Jk site between base pairs −706 and −1450 (Liang et al., 2002; Song et al., 2001 Song et al., , 2002b . More recently, Wang et al. demonstrated that there are three Rta response elements within the K8 promoter, two of which are regulated differentially based on cell type (Wang et al., 2004) . Rta activation of the K8 promoter occurs through both direct binding and through an association with C/EBPα (Wang et al., 2003a) . Wang et al. also identified an RBP-Jκ site that may contribute to Rta responsiveness (Wang et al., 2004) . However, Rta activation of the K1 promoter involves two functional Rta response elements that both bind directly to Rta. Whether Rta also associates with cellular proteins bound to the K1 promoter remains to be determined. Another characteristic that is unique to the K1 promoter is the presence of an Rta response element within the 5′ untranslated region. Linker P18 corresponds to a mutation in the K1 5′ untranslated region that reduces Rta responsiveness. This is a novel finding since Rta has not been shown to bind to the 5′ untranslated region of other viral genes. However, many cellular transcription factors have been shown to bind to the 5′ UTR of several genes and activate their transcription (Rahaus and Wolff, 1999; van der Stoep et al., 2002) .
Each Rta-binding site in the K1 promoter was cloned into the pE4T-Luc vector to determine whether they would be able to impart Rta responsiveness to a heterologous promoter. Interestingly, the K1 E Rta-binding site was unable to impart Rta responsiveness to the E4 TATA vector, while K1 G and K1 H were both able to provide Rta responsiveness (Fig. 7) . These data correlate nicely with the information presented in Fig. 6 in that mutation at the K1 E Rta-binding site did not affect Rta responsiveness, but mutation of K1 G and/or K1 H resulted in reduced Rta responsiveness.
In our previous analysis of the K1 promoter, we identified a putative TATA box 25 bp upstream of the K1 transcription start site (Bowser et al., 2002) . Here, we demonstrate direct binding of the TATA box binding protein (TBP) to a K1 promoter probe containing the putative TATA box. Interestingly, the K1 TATA box is adjacent to the K1 G Rta-binding site, suggesting the possibility of an interaction between KSHV Rta and TBP on the K1 promoter. We demonstrate here for the first time a direct interaction between the KSHV Rta protein and TBP. Rta may promote transcription of K1 by first binding to the K1 G binding site and then recruiting the polymerase to the K1 TATA box through a direct interaction with TBP. The downstream K1 Hbinding site may promote transcription through interactions with other factors, such as the TRAP/Mediator coactivator .
Materials and methods
Cell culture
KSHV-negative DG75 B cells were grown and maintained in RPMI medium 1640 (Gibco BRL) with L-glutamine and 10% fetal bovine serum (FBS) and supplemented with antibiotics (streptomycin (50 μg/ml) and penicillin (100 U/ml)). KSHVpositive BCBL-1 cells were grown and maintained in RPMI medium 1640 (Gibco BRL) with L-glutamine, 10% fetal bovine serum (FBS), 0.05 mM 2-mercaptoethanol, and 1 mM sodium bicarbonate supplemented with antibiotics (streptomycin (50 μg/ml) and penicillin (100 U/ml)). CV-1 fibroblast cells were grown and maintained in Minimum Essential Medium (Gibco BRL) with Earle's Salts, L-glutamine, and 10% fetal bovine serum (FBS) and supplemented with 0.1 mM nonessential amino acids (Gibco BRL) and antibiotics (streptomycin (50 μg/ml) and penicillin (100 U/ml)). HEK 293 cells were grown and maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL) with 10% FBS, Glutamax I, high glucose, 110 mg of sodium pyruvate/ml, and pyridoxine-HCl, supplemented with streptomycin (50 μg/ml) and penicillin (100 U/ml). All cell lines were grown and maintained at 37°C with 5% carbon dioxide.
Plasmids
The luciferase reporter construct −125K1p/pGL2-Basic contains the first 125 bp upstream of the K1 transcription start site and the 5′ untranslated region, cloned into the pGL2-Basic luciferase reporter plasmid (Promega) as previously described (Bowser et al., 2002) .
The −125K1p/pGL2-Basic construct was used as a wild-type template for the production of a panel of K1 promoter linker scanning mutants using the Stratagene QuikChange SiteDirected Mutagenesis kit. DNA oligonucleotides were designed to introduce sequential 10-bp substitutions to the wild-type K1 promoter sequence as diagrammed in Fig. 1A . Each primer contained overlapping BamHI and NcoI restriction enzyme sites and 15 bp complementary to the wild-type sequence on either side of the target sequence. The primer sequences used to generate this panel of mutants are listed in Table 1 . Mutagenesis was performed according to the manufacturer's instructions, with 30 ng of −125K1p/pGL2-Basic as template. Thermocycling conditions were as follows: an initial incubation at 95°C for 30 s followed by 18 cycles of 95°C for 30 s, 55°C for 2 min, and 68°C for 6 min. Restriction enzyme digests (Fig.  1B) and plasmid DNA sequencing confirmed mutagenesis.
Double and triple mutants of the K1 promoter were generated using the Stratagene QuikChange Site-Directed Mutagenesis kit as before. Linker P4 was used as a template with P11 primers or P18 primers to generate both a P4,P11 and P4,P18 double mutant, respectively. Linker P11 was used as a template in a mutagenesis reaction with P18 primers to generate a P11,P18 double mutant. Finally, the double mutant P4,P11 was used as a template with P18 primers to generate the triple mutant P4,P11,P18. The panel of double and triple promoter mutants is diagrammed in Fig. 6A . Restriction enzyme digests and plasmid sequencing confirmed mutagenesis.
A panel of 30-bp deletion mutants of the K1 promoter was generated using the Stratagene Site-Directed Mutagenesis kit as before. The -125K1p/pGL2-Basic construct was used as a wildtype template for the production of these 30-bp deletion constructs. DNA oligonucleotides were designed to delete each Rta-binding site within the K1 promoter, as diagrammed in Fig.  6E . K1p E deletion 1 5′-AGGCCACGCCTACTTCGAG-CGGGGGACGGG-3′; K1p E deletion 2 5′-CCCGTCCC-CCGCTCGAAGTAGGCGTGGCCT-3′; K1p G deletion 1 5′-GCTAGGCCACGCCTAAAAGGCGGGGTTCTGC-3′; K1p G deletion 2 5′-GCAGAACCCCGCCTTTTAGGCGT-GGCCTAGC-3′; K1p H deletion 1 5′-CCTTGTGTAAA-CCTGTCTCTCGAGATCTAAGTA-3′; K1p H deletion 2 5′-TACTTAGATCTCGAGAGACAGGTTTACACAAGG-3′. The K1p G deletion mutant was used as a template in a mutagenesis reaction with K1p H oligonucleotides to generate a double deletion mutant that lacks the G and H Rta-binding sites. Restriction enzyme digests and plasmid sequencing confirmed the construction of each plasmid.
Three 30-bp K1 promoter fragments were cloned into the pE4T/Luc vector to determine whether these sequences are sufficient to impart Rta responsiveness. The pE4T/Luc vector contains the E4 TATA box in the context of the pGL3-basic plasmid (Promega), and its construction has been described previously (Song et al., 2003) . Oligonucleotides were designed with SacI and XhoI restriction enzyme sites to facilitate cloning into the pE4T/Luc multiple cloning site. The following oligonucleotides were used to PCR amplify the K1 promoter Rtabinding sites using −125K1p/pGL2-Basic as template: E4T/K1 E primer 1 5′-CGCCGCGAGCT CTTTTTTTCGGGCCCTT-TTTGGGCGCGCGAGG-3′ E4T/K1 E Primer 2 5′-CG-CCGCCTCGAGCCTCGCGCGCCCAAAAAGGGCC-CGAAAAAAA-3′ E4T/K1 G Primer 1 5′-CGCCGCGAGC-TCCTTTTTTTTTCGGCCGGCCCCTACTAATTTTTC-3′ E4T/K1 G Primer 2 5′-CGCCGCCTCGAGGAAAAATTAG-TAGGGGCC GGCCGAAA AAAAAAG-3′ E4T/K1 H Primer 1 5′-CGCCGCGAGCTCTT CAGACCTTGTTGGACA TCCT-GTACATCAAG-3′ E4T/K1 H Primer 2 5′-CGCCGCCT-CGAGCTTGATGTACA GGATGTCCAACAAGGTCTGAA-3′. PCR was performed using Platinum Pfx DNA polymerase (Invitrogen) according to the manufacturer's directions. Amplified K1 response elements were cut with SacI and XhoI restriction enzymes and were inserted into the SacI and XhoI sites of the pE4T/Luc vector. The entire K1 promoter element was excised from −125K1p/pGL2-Basic by SacI/XhoI double digest and was inserted into the SacI and XhoI sites of the pE4T/ Luc vector to generate pE4T/K1 −125 . Restriction enzyme digests and plasmid sequencing confirmed the construction of each plasmid.
A K1 TATA box construct was generated in which the SV40 TATA box contained within the pGL2-Promoter vector was replaced with the K1 TATA box sequence, as shown in Fig. 7C . The pGL2-Promoter vector was used as a template in a mutagenesis reaction using the Stratagene Site-Directed Mutagenesis kit, as before. DNA primers were designed as follows: K1 TATA 1-5′-GGCTGACTAATTTTTTTTACTAATT-TTGAGGCCGAGGCCGCCTCG-3′, K1 TATA 2-5′-CGAG-GCGGCCTCGGCCTCAAAATTAGTAAAAAAAATT-AGTCAG CC-3′. Restriction enzyme digests and plasmid Primer A 5′-TCTTTCAGACCTTGTCCATGGATCCGTACATCAAGCTCGA-3′ Primer B 3′-AGAAAGTCTGGAACAGGTACCTAGGCATGTAGTTCGAGCT-5′ Linker P20
Primer A 5′-CTTGTTGGACATCCTCCATGGATCCCTCGAGATCTAAGTA-3′ Primer B 3′-GAACAACCTGTAGGAGGTACCTAGGGAGCTCTAGATTCAT-5′
Notes. Linkers P1, P2, P19, and P20 contain sequence complementary to the pGL2-Basic vector.
sequencing confirmed the construction of the mutant K1 TATA box plasmid. A mutant K1 TATA box luciferase plasmid was generated using the Stratagene Site-Directed Mutagenesis kit as before. The −125K1p/pGL2-Basic construct was used as a wild-type template for the production of the K1 TATA mutant plasmid with the following DNA oligonucleotides: K1 TATA mutant 1 5′-TTTTTTTCGGCCGGCCCCTGCGCATTTT CAAA-GGCGGGGTTCTGCC-3′; K1 TATA mutant 2 5′-GGCA-GAACCCCGCCTT TGAAAATGCGCAGGGGCCGGCC-GAAAAAAA-3′. Restriction enzyme digests and plasmid sequencing confirmed the construction of the K1 TATA mutant plasmid.
Transfections
Each luciferase transfection was performed in duplicate or triplicate, and each experiment was repeated five times.
KSHV-negative DG75 B cells and KSHV-positive BCBL-1 B cells were electroporated for luciferase assays. For each transfection, 400 μl of cells in RPMI (no serum, no antibiotics) at a concentration of 5 × 10 6 to 1 × 10 7 cells/ml was added to 0.4 cm cuvettes. To measure the promoter activity in the presence of Rta, 15 μg of the appropriate K1 promoter luciferase construct, 15 μg of pcDNA3-Rta (or pcDNA3), and 2 μg of a beta-galactosidase expression plasmid were added to either cell line. The cells were electroporated at 300 V, 950 μF and were added to 4 ml RPMI with 10% FBS and antibiotics. The cells were incubated for 48 h at 37°C with 5% carbon dioxide. After 48 h, the cells were lysed in 200 μl of Promega reporter lysis buffer for use in luciferase and beta-galactosidase assays.
Transfections of HEK 293 cells and CV-1 African green monkey kidney fibroblast cells were performed using the Superfect transfection reagent (Qiagen). A total of 1.5 × 10 5 cells were seeded in 6-well plates in Minimal Essential Medium with serum and antibiotics. Cells were grown overnight at 37°C with 5% CO 2 . The cells were transfected with 3 μg of luciferase plasmid, 2 μg of Rta expression vector or pcDNA3 vector, and 1 μg of a β-galactosidase expression vector using 10 μl of Superfect reagent according to the manufacturer's instructions. Following the transfection, the cells were incubated for 48 h at 37°C with 5% carbon dioxide. The cells were lysed in 200 μl of Promega reporter lysis buffer for use in luciferase and betagalactosidase assays.
Luciferase assays
Luciferase assays were performed to measure the promoter activity of each luciferase plasmid. Cell lysates were subjected to a single freeze/thaw and were spun at 13,000 rpm for 2 min. The supernatants were collected for luciferase and betagalactosidase analysis. One hundred microliters of cell lysate was injected with 50 ml of Promega luciferase substrate and luminescence was measured on a LMax luminometer (Molecular Devices). Ten microliters of cell lysate was assayed for beta-galactosidase activity using the Tropix Galacto-Star System (Applied Biosystems) according to the manufacturer's instructions.
In the context of BCBL-1 and DG75 B cells, cotransfection of empty pGL2-Basic vector with an Rta expression vector resulted in higher luciferase activity than pcDNA3-transfected controls, suggesting that Rta activates the empty luciferase vector alone. The activation of empty vector by Rta was subtracted from each luciferase assay to distinguish Rta's activation of the K1 promoter from this background activation, and each sample was normalized to beta-galactosidase activity, as before. Following this adjustment, the values obtained for each Rta-transfected sample were divided by those for the corresponding pcDNA3-transfected control to indicate Rta activation. The duplicates/triplicates for each experiment were averaged, and standard deviations were calculated for each data point.
Rta electrophoretic mobility shift assay (EMSA)
The Rta DNA-binding domain (Rdbd) (amino acids 1-320) has been cloned into the pET22b(+) plasmid for expression in bacteria . Rta expressed from this vector is FLAG-tagged at its amino terminus and has six histidine residues at its carboxy terminus. The Rdbd plasmid was transformed into BL21(DE3)pLysS E. coli (Stratagene), and Rdbd expression was induced with 1 mM IPTG for 2 h at room temperature. Expressed Rdbd was purified via its carboxy terminal histidine residues by Ni-NTA agarose purification as described previously . Untransformed BL21 cells were also treated with 1 mM IPTG and subjected to Ni-NTA agarose purification for use as a negative control.
The entire 125-bp promoter element was excised from a pGL2-Basic plasmid which contains the 125-bp K1 promoter element but lacks the 5′ untranslated region. The promoter element was excised by SacI/XhoI double digest, and the ends were filled-in by Klenow with 32 P-dCTP and 32 P-dATP. To identify the Rta-binding site(s) within the 125-bp K1 promoter element, a panel of 30-bp K1 promoter oligonucleotides that spans the K1 promoter element was synthesized and is diagrammed in Fig. 4 . Probe H corresponds to the first 30 bp upstream of the translation start site. Each probe was designed with 5′ overhangs of 2 guanines to facilitate labeling by Klenow fill-in with 32 P-dCTP. A previously identified Rta response element contained within the PAN promoter (PAN2) was also labeled and used to control for Rta binding. The sequence of this oligonucleotide was 5′-GGAAATGGGTGGCT AACCTGTC-CAAAATATG-3′.
EMSA reactions were performed similarly to those described previously (Song et al., 2001) . Briefly, labeled probes (5 × 10 5 cpm) were incubated for 30 min on ice with purified, FLAG-tagged Rdbd protein (or BL21 negative control extract) in binding buffer (10 mM Tris-HCl (pH 7.5), 150 mM KCl, 7.5 mM MgCl 2 , 1 mM EDTA, 2 μg salmon sperm DNA, 5 μg of BSA, 0.5 mM dithiothreitol, 50 mM β-mercaptoethanol, 5% glycerol). Binding reactions were separated on a 5% acrylamide TGE gel. The gel was dried and exposed to a phosphorimager screen for 18 h and was scanned on a Molecular Dynamics STORM 840 phosphorimager.
For supershift analysis, purified Rdbd (or BL21 negative control extract) was incubated with labeled K1 promoter probe for 15 min on ice. Following this incubation, 4 μl of monoclonal anti-FLAG antibody (Sigma) was added, and the binding reactions were incubated for an additional 30 min on ice. Competition analysis was also performed to further confirm the specificity of the binding interactions. To compete for Rdbd binding, 400 or 800 pmol of unlabeled PAN2 Rta response element, K1p E Rta-binding sequence, K1p G Rtabinding site, or K1p H Rta-binding site was added to Rdbd, and the binding reactions were incubated on ice for 15 min (Song et al., 2001) . Labeled K1 promoter probe was then added, and the mixtures were again incubated for 15 min on ice. Finally, 4 μl of monoclonal anti-FLAG antibody (Sigma) was added, and the binding reactions were incubated on ice for 30 min. The binding reactions were then analyzed as before. To further demonstrate the specificity of Rta binding, 500 ng of poly [dG − dC] · poly [dG − dC] (Sigma) was added to Rdbd prior to the addition of labeled PAN2 Rta response element probe.
TATA binding protein (TBP) EMSA
Consensus TATA box oligonucleotides were designed as follows: TATA 1 5′-gcagagcatataaaatgaggtagga-3′, TATA 2 5′-tcctacctcattttatatgctctgc-3′. K1 TATA box oligonucleotides were designed as follows: K1 TATA 1 5′-ggcggccggcccctactaattttcaaaggcgggg-3′, K1 TATA 2 5′-ggccccgcctttgaaaattagtaggggccggccg-3′. Mutant K1 TATA box oligonucleotides were designed as follows: K1 TATA mutant 1 5′-ggcggccggcccctgcggcggcgcaaaggcgggg-3′, K1 TATA mutant 2 5′-ggccccgcctttgcgccgccgc aggggccggccg-3′. The consensus TATA box oligonucleotides, K1 TATA box oligonucleotides, and K1 TATA mutant oligonucleotides were annealed and labeled as before with 32 P-dCTP. EMSA-binding reactions were assembled on ice with 10% glycerol, 20 mM Tris (pH 8.0), 10 mM magnesium chloride, 2 mM dithiothreitol (DTT), 80 mM potassium chloride, 1 μg poly (dG:dC)·(dG:dC), and 5 μg of purified TBP (Santa Cruz Biotechnology, Inc). For antibody supershifts, 5 μl of Covance monoclonal anti-TBP antibody (clone ITBP18) was added prior to the addition of probe. For competition experiments, 300 pmol of annealed, unlabeled consensus TATA box oligonucleotides, unlabeled K1 TATA box oligonucleotides, or K1 TATA mutant oligonucleotides was added before the addition of probe. The binding reactions were incubated on ice for 15 min. To each binding reaction, 5 × 10 5 cpm of labeled probe was added. Binding reactions were incubated on ice for an additional 45 min. The binding reactions were separated on nondenaturing acrylamide gels with 0.5× TBE, 6% acrylamide (19:1 acrylamide:bis), 4 mM magnesium chloride, and 0.02% NP-40. The running buffer contained 0.5× TBE, 4 mM magnesium chloride, and 0.02% NP-40. The gel was dried and exposed to a phosphorimager screen for 18 h and was scanned on a Molecular Dynamics STORM 840 phosphorimager.
Coimmunoprecipitation analysis
TREx-Rta BCBL-1 cells or TREx BCBL-1 cells were grown to approximately 3 × 10 7 cells per flask and were induced with 1 μg doxycycline/ml or were given an equivalent volume of water as a negative control. The cells were incubated at 37°C, 5% CO 2 for 36 h, then were harvested in radioimmunoprecipitation lysis buffer for Western blots or NP-40 lysis buffer (150 mM NaCl, 0.1% NP-40, 50 mM TrisCl [pH 8.0]) for immunoprecipitations. Coimmunoprecipitation lysates were precleared with protein A/G beads (Santa Cruz Biotechnology; A0704) for 2 h at 4°C, then incubated with 5 μl of polyclonal anti-RTA antibody, 5 μl of monoclonal anti-TBP (Covance, clone ITBP18) or 5 μl of sheep anti-HHV8 minor capsid protein (mCP) (Exalpha Biologicals, Inc.) for 18 h at 4°C. Lysates incubated in the absence of antibody were included to serve as negative controls. Protein A/G beads were added and incubated at 4°C for 4 h. Complexes were washed four times in NP-40 lysis buffer, incubated at 70°C for 5 min in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer and separated on a 10% SDS polyacrylamide gel.
